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Coupled Inductor Characterization for a High
Performance Interleaved Boost Converter

Hiroyuki Kosai!, Seana McNeal?, Brett Jordan?,

James Scofield®, Biswajit Ray?, and Zafer Turgut!

LUES, Inc., Dayton, OH 45432 USA
2 Air Force Research Laboratory, Wright Patterson Air Force Base, WPAFB, OH 45433 USA
3Bloomsburg University of Pennsylvania, Bloomsburg, PA 17815 USA

Interleaved power converter topologies have received increasing attention in recent years for high power and high performance ap-
plications. The advantages of interleaved boost converters include increased efficiency, reduced size, reduced electromagnetic emission,
faster transient response, and improved reliability. The front end inductors in an interleaved boost converter are magnetically coupled
to improve electrical performance and reduce size and weight. Compared to a direct coupled configuration, inverse coupling provides
the advantages of lower inductor ripple current and negligible dc flux levels in the core. In this paper, we explore the possible advantages
of core geometry on core losses and converter efficiency. Analysis of FEA simulation and empirical characterization data indicates a
potential superiority of a square core, with symmetric 45° energy storage corner gaps, for providing both ac flux balance and maximum
dc flux cancellation when wound in an inverse coupled configuration.

Index Terms—Interleaved boost converter, magnetic core, magnetic flux.

I. INTRODUCTION

NTERLEAVED buck and boost converters have been
I studied in recent years to improve power converter perfor-
mance in terms of efficiency, size, conducted electromagnetic
emission, and transient response. The benefits of interleaving
include high power capability, modularity, and improved
reliability. However, an interleaved topology improves con-
verter performance at the cost of additional inductors, power
switching devices, and output rectifiers. Since the inductor is
the largest and heaviest component in a power boost converter,
the use of a coupled inductor instead of multiple discrete
inductors is preferred. Coupled inductors also offer additional
advantages such as reduced core and winding loss as well as
improved input and inductor current ripple [1]-[3].

Performance improvements of two-phase interleaved boost
converters (IBCs) using an E-E core coupled inductor have been
reported in [1]-[5], and optimization of E-I core-based coupled
inductors for an IBC was presented in [6] and [7].

The focus of the present paper is to optimize the coupled in-
ductor design in relation to maximizing the dc flux cancellation,
an important criterion for high power converters. To achieve this
goal, an experimental investigation was carried out to study the
dc field cancellation effects of various core configurations for
the coupled inductor including: E-E core, square core with 90°
gap, and square core with 45° gap. The data conclusively iden-
tified the square core with 45° gap as providing the best mix
of ac flux balance and dc flux cancellation. This conclusion was
verified experimentally by comparison in a 2-kW dc-dc IBC op-
erating at a switch frequency of 78 kHz. The following section
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Fig. 1. Circuit schematic of an interleaved boost dc-dc converter.

briefly summarizes key IBC performance analysis considera-
tions, while subsequent sections describe experimental and sim-
ulated inductor performance parameters for the three designs.

II. DC/DC CONVERTER PERFORMANCE ANALYSIS

The schematic of an inverse-coupled IBC is shown in Fig. 1.
Detailed derivations for inductor currents and equivalent in-
ductances for an IBC under continuous inductor current mode
(CICM) operation are presented in [1]. These derivations are
used to study the effect of inductor coupling on the converter’s
inductor and input ripple currents, minimum load current
requirement for CICM operation, and flux levels in the coupled
inductor core.

Summarizing, a coupled inductor with a mutual inductance,
M, and equal self inductances, L, yield a coupling factor k =
M /L, from which the basic voltage and current relationships
for a coupled inductor are given by the following:

diy dis
-2 22 1
vl dt dt 0
diy diy
=22 2t 2
2 dt dt @)

Applying volt-sec balance to either winding of the coupled
inductor yields the dc voltage gain equation, Vout/Vin = 1/(1—
D), consistent with conventional CICM boost converter theory.

0018-9464/$26.00 © 2009 IEEE
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Fig. 2. Theoretical waveforms of an inverse coupled boost converter.

Fig. 2 illustrates the resulting theoretical voltage and current
waveforms of an inverse coupled IBC.

Calculations for magnetic flux density and associated
currents that generate the flux are accomplished using a
transformer-like equivalent circuit for the coupled inductor.
Accordingly, (1) and (2) are rearranged to derive explicit
expressions for voltage across the mutual and leakage induc-
tances. Expressions for the fluxes (¢1 and ¢2) crossing each
winding are also derived [1] using the following:

_ador diq d(iy — i2)
v, =N = (L M) 7 + M 7 3)
_ dda dia d(iy — i)
vy =N pral (L-M) 7 M 7 @
diq disy
=M — - —7]).
v ( dt dt > )

For CICM operation, voltages across the windings are iden-
tical throughout the period; therefore, the total ac flux across
each winding is equal. AC voltages across the windings are the
sum of the voltage across M and the voltage across L. Since in-
duced voltage is related to flux by Faraday’s law, the mutual and
leakage fluxes can therefore be determined.

The main source of flux leakage is introduced by core gaps.
Outside these windings, flux associated with leakage takes a

2
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TABLE 1
INDUCTOR PARAMETERS

Inductor # of Air L M k e
type turns gap (uH) | (nH)
perleg | (mm)

E-E core 14 3.4 33.6 | 23.1 | 0.69 1680
Square 20 1.6 359 | 254 | 0.71 500
90° gap
Square 16 2.8 324 | 20.1 | 0.64 2500
45° gap
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Fig. 3. Winding configuration of the coupled inductors (L to R: E-E core,
square 45° gap core, and square 90° gap core).

shorter path (i.e., through the air) and is uncoupled. Flux asso-
ciated with mutual inductance travels through both set of wind-
ings, a large portion of which remains in the core. It can be
shown that for a given input voltage, the mutual flux density is
independent of duty ratio for inverse-coupled configuration, and
it is duty ratio dependent for direct-coupled configuration. From
this, it follows that the mutual flux density ratio between inverse
and direct-coupled configurations is 1/(2D-1). Accordingly, the
mutual flux induced core losses would be significantly higher in
the inverse-coupled configuration, especially for D approaching
0.5. It should be noted that ac flux in the core is not related to
an IBC’s dc output current.

In the dc environment where two windings share the dc cur-
rent equally, the inverse-coupled configuration cancels most flux
in the core since the flux generated by the two windings has op-
posing polarity. At the core directly underneath the windings of
N turns each, the resultant flux is (1 — k)LIq./N, where 4. is
dc current through the winding. For the direct-coupled configu-
ration, the flux generated by two windings will add rather than
cancel within the core, which is (14 k)LI4./N. As a result, di-
rect-coupling configurations will saturate the core more readily
when operated at a high output current. The dc flux consider-
ation represents a significant benefit to using inverse-coupled
configuration in high power dc applications. Conversely, ac flux
is minimized in direct coupling mode.

III. MAGNETIC FIELD AND DC FLUX CANCELLATION
ANALYSIS AND SIMULATION

Table I lists design parameters for the three coupled induc-
tors evaluated for this paper in which the gaps were adjusted to
generate a similar £ and windings were scaled so that the induc-
tances closely matched. Fig. 3 shows their configurations.

Using these parameters, models were created in QuickField
5.6 Professional Version, and used to perform two groups of
simulations. One ampere-turn winding excitation was used for
all computations of dc flux distributions in the inverse coupled
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Fig. 4. Flux density map for normalized inductor models (CW from top left:
square 45° gap core, square 90° gap core, E-E core, and legend).

inductor models. The first simulations used physical models that
reflected the tested inductors’ actual geometries and permeabil-
ities.

The second simulation group consisted of modifying the
physical models to equalize cross sectional areas, permeabil-
ities, gap length, and magnetic flux path lengths of the E-E
and 45° gap core inductors to that of the square 90° gap core
inductor model. Since there are four gaps for both the 45° and
the 90° core inductor, the two outer leg gaps of the E-E core
were set to twice the gap dimension of the other two inductors.
Fig. 4 shows the simulated dc flux density characteristics of
the three coupled inductor models during inversely coupled
operation with one ampere-turn input. As can be seen in Fig. 4,
the E-E core produced the highest peak and average value of
flux density of the three cores considered. While only a 0.2-G
difference was predicted between the peak flux values of the
two square cores, the 90° gap core had the lower predicted flux
density. From these simulations, verification of significant dc
flux cancellation in inverse coupled configurations is confirmed,
as is the apparent superiority of square geometries.

These results confirm the predicted suitability of the inverse
coupled winding configuration for high power IBCs. In addition,
these results illustrate the potential benefit that coupled inductor
IBCs offer in terms of reduced magnetic component volume and
weight.

IV. EXPERIMENTAL RESULTS

A power IBC was prototyped and tested to experimentally
characterize the three coupled inductor designs and compare

3
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TABLE II
BOOST CONVERTER EFFICIENCY DATA
Inductor | Vi, Iin Vout Tout Pout Converter
type W) (A) V) (A) (W) efficiency
(%)
E-Ecore | 60.0 | 27.57 | 158.7 | 9.69 | 1538 | 93.0
Square | 60.0 | 27.44 | 158.8 | 9.64 | 1531 | 93.0
90° gap
Square | 60.0 | 27.20 | 158.8 | 9.79 | 1555 | 95.2
45° gap
G3
G2 v1|\ 4 G1
G1 I | G2
i Yzl I
Li’l | Y3 L | S o
= 1T N
Y3 G1 G2 G3 Y1 Y2 Y3

Fig. 5. Pickup coil location for the coupled inductors.

to simulation results. Each leg of the 100 V/270 V, 2-kW
power stage consists of four MOSFETs (IRFP27N60) and four
Schottky diodes (CSD20030D). The output filter capacitance
consists of two 30 uF X7R ceramic capacitors. Each leg of
the converter was switched at a frequency of 78 kHz with a
phase shift of 180° between the two sides. Inductor current
sharing between legs was found to be within +5% for all three
inductors, indicating good balance between winding pairs and
core gaps. It was also observed that converter waveforms are ef-
fectively independent of inductor design, reflective of the good
L, M and thus impedance correspondence between the different
geometries. Table II shows the associated 1.5-kW converter
efficiency data collected from the prototype IBC operating
with each of the three inductors. The apparent 2% efficiency
advantage of the 45° gap square core, seen in Table II, was
determined to be due primarily to the use of a low-loss ferrite
(P material from Magnetics, Inc.).

To study the flux leakage and dc flux cancellation process as
well as measuring the ac flux density in the magnetic core, sev-
eral one-turn pickup coils were placed at the center and adjacent
to two core windings, as shown in Fig. 5.

For this study, a function generator was used to apply a 4-V,
78-kHz sine wave signal across only one winding coil on which
Y1, Y2, and Y3 pickup coils were placed. Using the induced
voltages at all six pickup coils, the input voltage, and current to
the winding, induced fluxes crossing through the pickup coils
for 1 A of input current were calculated as shown in Table III.
Except for the E-E core inductor, the experimental results were
in reasonable agreement with simulated results. Possible rea-
sons for the discrepancies between experimental and simulated
values are gap distance measurement errors and the fact that
QuickField is a 2-D simulation tool rather than 3-D.

From this table, the field distributions for the square 45° gap
core inductor were found to be more uniform throughout the
core than the other inductor types. This means that the ratio
of flux leakages at the gaps with respect to the total flux leak-
ages is greatest for the square 45° gap core inductor. Since the
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TABLE III
CALCULATED AND SIMULATED AC FLUX FOR 1 A THROUGH
THE COIL ON WHICH Y1, Y2, AND Y3 PicKUP COILS ARE PLACED

Inductor | Y1 Y2 Y3 Gl G2 G3
type (uUWb) | (uWb) | (uWb) | (uWb) | (UWb) | (UWb)
E-E core | 1.76 2.07 0.84 1.45 1.58 0.69
Simulation | 1,36 1.85 0.90 1.24 1.32 0.64
(E-E)

Square 1.65 1.96 1.67 1.30 1.42 1.28
45° gap

Simulation | 1,84 2.10 1.83 1.75 1.85 1.75
(45° gap)

Square 1.58 1.65 1.28 1.20 1.23 1.00
90° gap

Simulation | 1,80 2.10 1.86 1.69 1.85 1.75
(90° gap)

inductances of these inductors were measured to be virtually
unchanged from 20 Hz to 1 MHz, the results from Table III
were used to estimate both the dc and ac magnetic fields during
IBC operation of the inductors. For example, during direct cou-
pling operation of the E-E core with 1 A injected into Y1 and
G1 simultaneously, the dc flux at Y1 and G1 will be given by
®(Y1)+ ®(G1) = 3.21 uWhb. Conversely, under the same con-
ditions during inverse coupling operation, the total flux at Y1
and G1 will be (Y1) — &(G1) = 0.31 pWb from data of
Table III. Therefore, during IBC operation, the total magnetic
fields resulting from the inductor current waveforms (iy,is),
which are the combined ac and dc fields, are scale factors of
the sum or differences defined above.

V. CONCLUSION

This paper describes and validates the developed analytical
design relationships for interleaved boost converters using
coupled inductors. Useful design equations for a magneti-
cally coupled interleaved boost converter under continuous
inductor current mode operation were summarized. Compared
to the direct-coupling configuration, the inverse-coupling con-
figuration provides the advantages of lower inductor ripple
current and very low dc flux in the core. The direct-coupling
configuration, on the other hand, provides the advantages of
lower input ripple current and ac flux level. Therefore, the
ac flux density-dependent core losses would be higher in an
inverse-coupled converter whereas winding losses would be
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higher in a direct-coupled converter. Magnetic saturation due
to dc flux is a greater design challenge with direct-coupled
converters. Accordingly, an inverse-coupled configuration is
the logical choice for high power interleaved boost converters.
Empirical quantification of the predicted performance benefits
of this power converter topology was presented via inductor
simulation and converter performance data comparisons. It was
shown that an inversely coupled interleaved power converter
topology is superior for high power converter applications due
to efficient dc flux cancellation characteristics as predicted.
Three coupled inductor designs were investigated and com-
pared within the 2-kW converter for average and peak flux
considerations. Although all three inductors were oversized for
the 2-kW converter power rating, the experiments and simula-
tions enabled confident estimates of the performance of scaled
coupled inductors with similar geometries. For example, the
average magnetic field at Y2 for the square 45° core inductor
while operating at V;, = 100 V, I;;, = 100 A, in an inversely
polarized IBC converter would be 417 G. With increasing
emphasis in recent years on high power and high performance
applications, the use of coupled inductor IBCs is seen to enable
a potentially compact, high performance topology with very
efficient core characteristics.
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